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S U M M A R Y
We present the results of a palaeomagnetic study of 277 cores drilled at 35 sites, in 32 basaltic
flows from three Early Palaeocene volcanic regions in the Gobi Desert, Mongolia, at Sumber
Uul (62.2 Ma; 42.6◦N/104.0◦E), Tulga (62.0 Ma; 43.2◦N/104.1◦E) and Khuts Uul (57.1 Ma;
43.2◦N/104.6◦E) localities. Samples from Sumber Uul (62.2 ± 0.9 Ma) and Khuts Uul (57.1 ±
0.8 Ma) localities were dated using the K-Ar Cassignol–Gillot technique. Stepwise thermal and
alternating field demagnetizations isolated a stable A component of magnetization carried by
single domain (SD) to nearly SD magnetite. We interpret this A component to be the primary
magnetization of these basaltic lava flows.The Sumber Uul and Tulga data were combined
and recomputed at the Sumber Uul locality because of their similar ages. The palaeopoles
computed from the A components lie at λ = 85.2◦N, φ = 92.5◦E, dp/dm = 3.9/4.9 (n = 14
flows) for Sumber Uul-Tulga (average age: 62.1 ± 5.9 Ma) and λ = 69.6◦N, φ = 148.0◦E,
dp/dm=6.3/7.3 (n=14 flows) for Khuts Uul (average age: 57.1±0.8 Ma). The palaeomagnetic
inclinations are steeper than expected at the sites and consequently our palaeopoles occupy a
near-sided position with respect to the 60 Ma reference apparent polar wander path (APWP)
pole for Europe (Besse & Courtillot 2002). However, they appear to fully conform to the new
high-resolution APWP poles for the 65–42 Ma period of Moreau et al. (2007). Following these
authors, we interpret this anomalous near-sided position of our poles as arising from a rapid
true polar wander (TPW) event in the Palaeocene, highlighted by a cusp at anomalies 26–25
(61–56 Ma), inexistent in the European APWP of Besse & Courtillot (2002). We conclude that
our new data do not reveal any anomalous shallow inclinations in the Central Asia Palaeocene
effusive rocks which is consistent with the Late Jurassic/Early Cretaceous age of Mongol-
Okhotsk ocean closure and amalgamation of Amuria and Siberia, forming a rigid entity since
then.
Key words: Palaeomagnetism applied to tectonics; Rock and mineral magnetism; Asia.
1 I N T RO D U C T I O N
Palaeomagnetic studies undertaken on Cretaceous and Tertiary red
beds from the different Asian blocks repeatedly revealed anoma-
lously shallow inclinations (Huang & Opdyke 1992; Chen et al.
1993a; Gilder et al. 1993; Westphal 1993; Thomas et al. 1994;
Halim et al. 1998b) with respect to the inclinations which can be
computed at a given locality using the reference apparent polar
∗Now at: Physics Department, University of Alberta, Edmonton AB, Canada
T6G 2J1.
wander paths (APWP) of Europe (Besse & Courtillot 2002). For
the Cretaceous period, these low palaeomagnetic inclinations have
been interpreted as correlating with the ∼50 Ma India–Asia colli-
sion (Patriat & Achache 1984) and the ongoing penetration of the
Indian plate into the Asian continent during the Tertiary (Molnar &
Tapponnier 1975; Tapponnier & Molnar 1979; Patriat & Achache
1984). Thus, the Asian microblocks, located further south than ex-
pected from the European APWP, were translated northwards under
the effect of the India–Asia collision (Enkin et al. 1992; Yang &
Besse 1993; Chen et al. 1993b; Halim et al. 1998a, b). Recent stud-
ies however still debate on the amount of this northward movement
(e.g. Gilder et al. 2003; Huang et al. 2005, 2006; Sun et al. 2006a, b).
The picture grows more complicated when it comes to the Tertiary
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data, for which the palaeomagnetic inclinations are also shallower
than those deduced for Central Asia from the European reference
APWP (Chen et al. 1993b; Halim et al. 1998b; Cogne´ et al. 1999;
Sun et al. 2006b; Hankard et al. 2007a). However, the amount of
intracontinental shortening between Central Asian mobile blocks
(Tibet, Tarim, Qaidam, etc.) and northeastern stable blocks (e.g.
Siberia, North and South China. . .) inferred from the anomalously
shallow Cenozoic inclinations should be about twice the amount
deduced from the Cretaceous data. Such quantities contradict geo-
logical observations and topographic constraints. Several possible
causes have been proposed to explain these too shallow inclinations,
amongst which syn-sedimentary or compaction-induced inclination
shallowing, poor age control, tilted dipole, non-dipolar geomagnetic
field geometry, tectonic shortening, poorly constrained APWP for
Europe and non-rigidity of the Eurasian plate (Gilder et al. 1993;
Thomas et al. 1993; Chauvin et al. 1996; Cogne´ et al. 1999; Si and
Van der Voo 2001; Van der Voo and Torsvik 2001; Tauxe 2005; Yan
et al. 2006; Hankard et al. 2007a).
Because most of the Cretaceous and Tertiary palaeomagnetic re-
sults from Central Asia were obtained on sedimentary rocks, sed-
imentary processes were naturally suspected to cause a large part
of the observed palaeomagnetic inclination anomalies (Gilder et al.
2001, 2003; Tan et al. 2003; Liu et al. 2003; Yan et al. 2005, 2006;
Narumoto et al. 2006). Nevertheless, Thomas et al. (1993) reported
a significant difference between observed and expected inclination
of 15◦ ± 7◦ obtained from the Toru-Aygyr Eocene basalts in the
Issyk-Kul basin (west Tien Shan). This value is similar to the one
(16◦ ± 5◦) they obtained from sedimentary rocks. In addition, our
recent palaeomagnetic results obtained from Tertiary igneous rocks
from Mongolia (Hankard et al. 2007a), also revealed significant
shallowing of ∼10◦ (8.0◦ ± 4.7◦ at 40 Ma and 9.7◦ ± 3.3◦ at
30 Ma) between observed palaeomagnetic inclination in igneous
rocks and expected ones at 40 and 30 Ma. Therefore, no sedimentary
processes could reasonably be invoked to explain these systematic
discrepancies.
In order to unravel this complex inclination shallowing anomaly
in Central Asia, we report new palaeomagnetic results and K-Ar
geochronological dating from Early Palaeocene basalts collected
from three localities in the southeastern Gobi Desert (Mongolia)
during two field trips in 1999 and 2004 (Fig. 1). Our (Hankard et al.
2007b) and others (Zhao et al. 1990; Pruner 1992; Cogne´ et al. 2005)
Cretaceous results from the Amuria block are concordant with the
reference APWP poles for Europe while those at 40 and 30 Ma are
not (Hankard et al. 2007a). The aim of this study is to fill this ana-
lytical gap between ∼100 and 40 Ma. Results from the Mongolian
Palaeocene basalts should, therefore, shed light on the Inclination
Anomaly in Asia. To this purpose, we have sampled Palaeocene ef-
fusive formations from the Sumber Uul (42.6◦N, 104.0◦E, Fig. 1),
the Tulga (43.2◦N, 104.1◦E), and the Khuts Uul (43.2◦N, 104.6◦E)
regions.
2 G E O L O G I C A L S E T T I N G A N D F I E L D
S A M P L I N G
2.1 Sumber Uul (42.6◦N, 104.0◦E)
The Sumber Uul region (Fig. 1), is a large basaltic plateau that
consists at least of 10 distinct lava flows. These flows lie on top of flat-
lying red-coloured sediments. In this region, we sampled ten sites
corresponding to ten distinct flows for a total of 80 cores. On average,
eight cores were taken at each site, using a gasoline-powered drill,
and were oriented in situ using magnetic and sun compasses in
order to check and correct for local magnetic field declination. Both
solar and magnetic readings were available for all samples. The
average local magnetic declination computed after magnetic and
sun azimuths measured in the field is −1.0◦ ± 1.5◦, consistent with
the −2.0◦ declination computed after the International Geomagnetic
Reference Field (IGRF) at Sumber Uul locality for the summer of
2004. We also collected two hand samples for geochronological
dating at one site (135).
2.2 Tulga (43.2◦N, 104.1◦E)
The village of Tulga is located near Dzun-Saykhan Mountains, in
the Gobi Desert (Fig. 1). This locality exposes seven distinct basaltic
lava flows, which occasionally presents some weak dips. However,
after our field observations, the underlying sediments that outcrop
locally have horizontal bedding surfaces. We therefore, assume that
Tulga flows are flat-lying, and that local weak dips are linked to
emplacement rather than to tectonics. We sampled these flows at
seven sites corresponding to each flow, totalling 53 cores. Cloudy
weather resulted in both solar and magnetic readings being possible
for only 26 of the 53 cores. The average local magnetic declination
computed after magnetic and sun azimuths measured in the field is
1.2◦ ± 0.9◦, rather consistent with the IGRF declination of −2.0◦ in
the Tulga region. This area was sampled in the first field trip of 1999
during which we did not take hand samples for geochronology.
2.3 Khuts Uul (43.2◦N, 104.6◦E)
Khuts Uul is a volcanic mountainous region located ∼50 km south
of the Dalandzadgad town, in the Gobi Desert (Fig. 1). In this area,
basalt flows outcrop at either side of the Buurhin-Khjar river canyon.
Ten sites for a total of 81 cores (sites 50–59 corresponding to nine
distinct flows) were drilled north of the canyon where the thickness
of individual flows locally exceeds 3 m. South of the canyon, eight
sites for a total of 63 cores (sites 42–49 corresponding to six distinct
flows were sampled. Flows occasionally overlie volcanoclastic sed-
iments that present north and northeast weak tilts. The significance
of these tilts is discussed in Section 4.3.4. Both solar and magnetic
readings were possible for only 52 cores, and the differences aver-
aged −3.2◦ ± 1.1. This value is consistent with the −2.2◦ IGRF
declination. Two hand samples were taken from two sites (42 and
46) for geochronology.
3 G E O C H RO N O L O G Y
Age determinations of samples from Sumber Uul and Khuts Uul
localities investigated in this study were done at the Geochronology
Multitechniques U.P.S.-I.P.G.P. laboratory at the Universite´ d’Orsay
following the Cassignol–Gillot K-Ar technique (Cassignol & Gillot
1982). This method is based on a double isotopic comparison be-
tween atmospheric argon and argon extracted from the sample us-
ing a mass spectrometer identical to the one described by Gillot &
Cornette (1986). The 40Ar signal calibration is performed prior to
each analysis using a 0.1 cm3 air pipette calibrated by volumetric
determination and by repeated analyses of an inter-laboratory stan-
dard GL-O with recommended value of 6.679 × 1014 at g−1 of 40Ar∗
(Odin et al. 1982). Typical uncertainties of 1 per cent are reached
for 40Ar calibration and K content measurement. The detection limit
of the system is 0.1 per cent of 40Ar∗ (Quidelleur et al. 2001). Ages
were calculated using the decay constants proposed by Steiger &
C© 2007 The Authors, GJI, 172, 87–102
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Figure 1. (a) Simplified map of Late Mesozoic–Cenozoic volcanic fields in Southern and Central Mongolia (after Kovalenko et al. 1997). Grey stars: Khuts
Uul (57.1 ± 0.8 Ma), Tulga (62.0 ± 5.0 Ma), and Sumber Uul (62.2 ± 0.9 Ma) localities; (b) Legend: (1) Pleistocene–Holocene; (2) Pliocene; (3) Middle
Miocene; (4) Late Oligocene and early Miocene; (5) Early Cenozoic; (6) Late Cretaceous; (7) Late Jurassic and Early Cretaceous and (8) Boundaries of
highlands and ranges. (c) Inset: situation map of Fig. 1a in Asia, with main blocks indicated (AMU: Amuria, AFG: Afghanistan, EUR: Eurasia main plate, INC:
Indochina, IND: India JUN: Junggar, KAZ: Khazakhstan, KUN: Kunlun, LH: Lhasa, MBT: Main Boundary Thrust, NCB: North China Block, QA: Qaidam,
QI: Qiangtang, SCB: South China Block, SIB: Siberia, ST: Shantaı¨ and TAR: Tarim).
Jaeger (1977). Analyses were duplicated and yielded concordant
value at the 1σ level. The mean ages and uncertainties have been
obtained by weighting each duplicate by their radiogenic content.
The detailed procedure of sample preparation in the laboratory is
described in Hankard et al. (2007b).
For the Sumber Uul locality, we have obtained a mean age of
62.1 ± 0.9 Ma. This age is younger than a previously published
K-Ar age of 71 ± 4 Ma by Yarmolyuk et al. (1995). However, the
accuracy and reliability of our own K-Ar ages using the Cassignol–
Gillot technique (Cassignol & Gillot 1982) are underlined by the
quasi-perfect reproducibility of two independent determinations of
potassium as well as argon contents of the same sample. We thus
prefer to rely on our new mean age of 62.1 ± 0.9 Ma for basalt flows
from the Sumber Uul region.
Concerning the Tulga locality, we did not take any sample for
dating during the 1999 field trip. We thus rely on the determina-
tions of Yarmolyuk et al. (1995) and Shuvalov & Nikolaeva (1985)
who reported an emplacement age of the outcropping basaltic flows
C© 2007 The Authors, GJI, 172, 87–102
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of 62.0 ± 5.0 and 61 Ma, respectively. These ages are consistent
with one another. Furthermore, because of Tulga’s proximity to the
Sumber Uul locality (∼70 km) and their identical palaeomagnetic
directions (see Section 4.3.3), we assume an emplacement age of
62.0 ± 5.0 Ma for the flows at Tulga.
According to Yarmolyuk et al. (1995), the Khuts Uul basalt flows
yielded K-Ar ages ranging from 47.0 ± 3.0 to 73.0 ± 5.0 Ma. Our
own K-Ar age determination, while falling within their 26 Myr win-
dow, provides a more precise age of 57.1 ± 0.8 Ma for the sampled
Khuts Uul flows. This value agrees well with another previously
published K-Ar age of 57.0 ± 5.0 Ma by Shuvalov & Nikolaeva
(1985). We thus retain our new mean age of 57.1 ± 0.8 Ma for
basalt flows from the Khuts Uul region.
4 PA L A E O M A G N E T I C A N D RO C K
M A G N E T I C A N A LY S E S
4.1 Method
In the laboratory, the standard 2.5 cm-diameter cores drilled in the
field were segmented into 2.2 cm-long specimens. Each core pro-
duced two to three specimens. All measurements were performed at
the Institut de Physique du Globe de Paris (IPGP) in the palaeomag-
netic research group’s magnetically shielded room on the Jussieu
campus or in the laboratories on the St Maur campus. Magnetic re-
manences were measured using an Agico JR5 or JR6 spinner mag-
netometer. Most specimens were thermally demagnetized, over 19
temperature steps up to 590–600 ◦C (sometimes 620 ◦C), in a nearly
zero-field laboratory built furnace. Sample orientation was inverted
about the z-axis which parallels the oven’s axis, following each step,
in order to detect any spurious magnetization that could have re-
sulted from the small ∼10 nT residual magnetic field in the furnace.
Alternating field (AF) demagnetization was performed on a limited
number of samples over 14 steps up to 100 mT. Demagnetization re-
sults were plotted as orthogonal vectors diagrams (Zijderveld 1967)
and also as equal-area projections. Palaeomagnetic directions were
determined using either principal component analysis (Kirshvink
1980) or remagnetization great circles (Halls 1978). Site-mean di-
rections were calculated using Fisher statistics (Fisher 1953), or
using the statistics of McFadden & McElhinny (1988) for combined
directional data and great circles. All palaeomagnetic data process-
ing was carried out using the PalaeoMac software of Cogne´ (2003).
The magnetic mineralogy and carriers of the palaeomagnetic
record were investigated on selected specimens found to be represen-
tative based on the palaeomagnetic analyses. Unblocking and block-
ing temperatures were determined from the temperature depen-
dence of magnetic susceptibility curves measured on a Kappa-bridge
KLY-3 equipped with a CS-3 furnace. Thermomagnetic experiments
were conducted in air or argon. Hysteresis loops were measured us-
ing a laboratory-made translation inductometer in±800 mT. Isother-
mal remanent magnetizations (IRM) were imparted, using the same
instrument, up to 750 mT.
4.2 Rock magnetic results
The thermomagnetic susceptibility curves at all three localities
display a fairly uniform behaviour. Unblocking and blocking tem-
peratures (T UB and T B) determined from heating and cooling curves,
respectively, following the graphical method (Gromme´ et al. 1969),
are listed in Table 1. A histogram of T UB, shown in Fig. 2, demon-
strates that the dominant T UB equals to or is very near the Curie tem-
perature of stoichiometric magnetite (585 ◦C). Heating and cooling
curves, in the vicinity of magnetite’s unblocking/blocking tempera-
ture, are reversible (or nearly, average T = 9 ◦C) at Khuts Uul and
Sumber Uul while in Tulga specimens magnetite’s T B is on average
34 ◦C lower than its T UB probably related to the overall coarser mag-
netic grain size of Tulga samples (see below). Below ∼500 ◦C all
samples display irreversibility, which is minimized in experiments
conducted in argon.
Typical curves at all three localities are shown in Fig. 3. The
heating induced alteration results in an overall decrease in bulk
susceptibility upon returning to room temperature, ranging from
10 per cent to up to nearly 50 per cent, suggesting an oxidation re-
action or mineral phase inversion to a lesser magnetic phase. The
altered state of the specimens after a complete cycle is stable given
that a repeat heating and cooling cycle produced perfectly reversible
results retracing the original cooling curve (data not shown). On
heating, susceptibility increases defining a broad maximum between
150 and 400 ◦C, absent in cooling curves. The general reversibility
of the curves above 500 ◦C suggests that magnetite is not being
oxidized. Therefore, a more likely scenario is the inversion of a
mineral phase to a lesser magnetic phase, most likely pre-existing
maghemite, resulting from the low temperature oxidation of mag-
netite to hematite. Thermal demagnetisations of NRM data support
this interpretation and will be presented in Section 4.3.
IRM acquisition curves were measured on the four Sumber Uul
specimens. Saturation is reached between 300 and 450 mT and mean
acquisition fields range between 60 and 85 mT. These results, in
addition to the thermomagnetic curves, support the dominance of
magnetically soft minerals such as magnetite and maghemite.
Hysteresis loops are closed and saturated in fields between 300
and 400 mT, in agreement with IRM acquisition data. Furthermore,
the average magnetic grain size can be determined from the hystere-
sis loop derived parameters. The Day plot for magnetite and titano-
magnetite (Day et al. 1977; Dunlop 2002) shown in Fig. 4 indicates
that the measured specimen cluster about two mean grain sizes.
Sumber Uul and Khuts Uul specimens, with the exception of Khuts
Uul specimens from flows 51 and 58, plot very near the theoretical
uniaxial single domain (SD) magnetite particle lying in between the
SD + multidomain (MD) and SD + superparamagnetic (SP) mix-
ing curves of Dunlop (2002). Several thermomagnetic curves from
these localities displayed Hopkinson peaks at temperatures just be-
low T UB and T B (for example see specimen 135–497 in Fig. 3)
attesting to the presence of SD particles near the SD/SP threshold.
Tulga specimens and specimens from flows 51 and 58 at Khuts Uul
show slightly coarser mean magnetic grain size falling on the SD +
MD mixing curve near the 50 per cent SD to MD contribution mark
(Dunlop 2002).
The presented rock magnetic data convincingly demonstrate that
the palaeomagnetic record is principally carried by SD to nearly SD
magnetite.
4.3 Palaeomagnetic results
4.3.1 Sumber Uul
We demagnetized 79 basalt specimens using stepwise thermal and
alternating field (AF) demagnetization up to maximum temperature
of 600 ◦C and peak AF field of 100 mT. Samples showed rather
strong natural remanent magnetization (NRM) intensities, generally
ranging from 1 to 10 A m−1. However, a few samples show higher
NRM intensities in the range of 10–30 A m−1 (as high as 87 A m−1
C© 2007 The Authors, GJI, 172, 87–102
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Table 1. Rock magnetic parameters derived from hysteresis loops and measured from thermomagnetic curves of susceptibility (K) for selected specimens at
all three localities.
Hysteresis loop Temperature dependance of K
Id/flow Specimen # M S (mAm2 kg–1) M RS (mAm2 kg–1) M RS/M S μoH C (mT) μoH CR (mT) H CR/H C T UB (◦C) T B (◦C)
Sumber Uul
134 488 801.0 265.0 0.3310 40.20 72.6 1.8 602 584 in air
135 497 832.0 302.0 0.3630 32.10 55.4 1.7 588 565 in air
137 517 982.0 381.0 0.3880 41.80 66.7 1.6 594 586 in air
140 537 780.0 311.0 0.3980 33.20 53.4 1.6 604 603 in air
Tulga
35 280 1445.0 299.5 0.2072 24.66 51.4 2.1 580 544 in argon
36 288 1734.0 371.0 0.2137 23.97 48.3 2.0 572 536 in air
37 299 1083.0 205.8 0.1900 21.64 49.6 2.3 577 547 in argon
38 301 665.0 146.2 0.2178 26.02 58.5 2.2 600 576 in argon
39 315 1361.0 268.0 0.1969 28.65 63.0 2.2 581 529 in air
40 318 – – – – – – 597 573 in argon
Khuts Uul
43 343 – – – – – – 566 530 in air
317 284
44 354 – – – – – – 462 469 in air
607 598
45 361 – – – – – – – 351 in air
601 597
50 396 – – – – – – 580 567 in air
51 405 800.0 179.4 0.2242 26.80 56.5 2.1 587 594 in air
52 416 – – – – – – 591 591 in air
53 419 793.0 289.0 0.3640 25.69 49.8 1.9 ∼420 ∼375 in air
604 604
54 429 383.0 140.3 0.3660 32.10 61.1 1.9 584 585 in air
55 437 799.0 271.7 0.3400 33.60 61.8 1.8 591 582 in air
56 450 299.5 332.0 0.3790 38.60 67.0 1.7 586 575 in air
57 455 509.0 209.0 0.4110 41.20 72.0 1.7 589 589 in air
58 462 1137.0 206.6 0.1817 20.25 45.8 2.3 586 584 in air
59 474 – – – – – – 598 591 in air
Id/Flow: Site or flow names; Specimen #: specimen number; Ms: Saturation magnetization, MRS: Saturation remanent magnetization; Hc: Coercive force;
HCR: Remanent coercive force; TUB (TB): Unblocking (Blocking) temperature
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Figure 2. Histogram of unblocking temperatures of analysed specimens (Table 1) reveals that the dominant unblocking temperature equals or is near the Curie
temperature of stoichiometric magnetite (585 ◦C).
in one specimen from site 131). These higher intensities which could
be due to lightning are easily cleaned by peak fields around 30–40
mT or by heating to 200–300 ◦C.
Two typical examples of magnetization behaviour during thermal
and AF demagnetization of samples from Sumber Uul are shown in
Figs 5(a) and (b), and they illustrate the general behaviour of most
samples. In sites 133, 134, 135 and 140, the demagnetization path
linearly converges towards the origin of orthogonal plots (Fig. 5a)
defining a single component of magnetization, hereafter referred
to as component A. In the other sites (131, 132 and 136–139), a
second component (component B) of either viscous or weathering
origin unblocks by 200 ◦C or in peak field around 4 mT. In some
specimens, the magnetization path linearly trends towards the ori-
gin of the diagram after removal of component B, thus defining a
C© 2007 The Authors, GJI, 172, 87–102
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Figure 3. Thermomagnetic curves of magnetic susceptibility of representative specimens from the Sumber Uul, Tulga and Khuts Uul basaltic lava flows.
Magnetic susceptibility has been normalized to the initial room temperature magnetic susceptibility. Arrows indicate heating and cooling parts of the cycle.
Figure 4. Day et al. (1977) plot showing that the measured specimens cluster
in two mean grain sizes: Sumber Uul and Khuts Uul specimens plot very
near the theoretical uniaxial single domain (SD) magnetite particle, lying in
between the SD + multidomain (MD) and SD + superparamagnetic (SP)
mixing curves of Dunlop (2002; grey curves). Tulga specimens show slightly
coarser mean magnetic grain size falling on the SD + MD mixing curve.
stable characteristic component A between 250 and 580–600 ◦C or
in peak fields between 6 and 100 mT. However, for certain speci-
mens, component B was poorly separated from component A, lead-
ing to a great-circle path of points (Fig. 5b). For these specimens, we
followed the remagnetization great-circle technique to resolve the
characteristic component A. Site-mean directions of sites 131, 132
and 136–139 (Table 2) were, therefore, computed using the com-
bined average of vectors and great-circle of McFadden & McElhinny
(1988).
Thermal demagnetization curves, at Sumber Uul as well as at
Tulga and Khuts Uul, more often than not reveal two drops in NRM
intensity associated with component A. (Note that the remanence as-
sociated to the viscous component B unblocked by 200 ◦C represents
less than 5 per cent of the total NRM). The first drop is at ∼400 ◦C
and the other is associated with magnetite’s unblocking temperature
near 580 ◦C (for example, see Fig. 5a). As mentioned above, the
palaeomagnetic vector orientation remains unchanged throughout
the 200–600 ◦C temperature range. The decrease in NRM between
200 and 400 ◦C observed for example in sample 135–497 in Fig.
5(a) coincides with the broad maximum observed in thermomag-
netic susceptibility curves (see Fig. 3) which we attributed in Section
4.2 to the heating induced inversion of maghemite to hematite. The
drop in NRM intensity between 200 and 400 ◦C would, therefore,
be carried by maghemite, formed from the low temperature oxida-
tion of primary magnetite. Its remanence is, therefore, a secondary
chemical remanent magnetization (CRM) but because of the nearly
identical lattice parameters of magnetite and maghemite exchange
coupling is expected to persist across the phase boundary resulting
in the CRM orientation being parallel to the primary TRM orienta-
tion carried by magnetite (see p. 374 in Dunlop & O¨zdemir 1997).
Consequently the use of the full temperature range covering the
CRM and TRM to compute the characteristic remanent magnetiza-
tion (ChRM) direction is justified in the limit that both define the
same direction.
The combined site-mean directions of component A and great
circles from the Sumber Uul locality are illustrated in Fig. 6 (dots)
and listed in Table 2. Because of underlying horizontal redbeds,
we do not apply any tilt correction to these directions. Moreover,
according to our field observations, site 137 displays an anomalous
tectonic setting which we were not able to resolve, whereas other
flows appear flat-lying. This flow-mean direction (site 137, Fig. 6)
has, therefore, been excluded from the final mean computation, as
it is clearly an outlier. We note that all flow mean directions are of
reverse polarity, with south upwards inclinations (Fig. 6), consistent
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Figure 5. Orthogonal projections of magnetization vector end points during thermal and alternating field (AF) demagnetization experiments for Sumber
Uul (62.2 Ma) specimens; (a) (left-hand side): orthogonal vector plot (Zijderveld 1967) of thermal demagnetization exhibiting a single magnetic component;
temperatures are given in ◦C; (right-hand side): magnetization intensity decay curve; (b) (left-hand side): orthogonal vector plot showing overlapping unblocking
spectra between two magnetization components; in that case, data are interpreted using the remagnetization great-circle method, shown on the stereonet to the
right-hand side; AF steps are given in mT; black (white) symbols in orthogonal vector plots in (a) and (b) projection onto the horizontal (vertical) plane; black
(white) symbols in stereonet in (b) downward (upward) pointing vectors.
with the reverse magnetic field during chron C27R in the Early
Palaeocene (Danian; Cande & Kent 1995; Gradstein et al. 2004).
The Sumber Uul locality average palaeomagnetic direction (D =
181.9◦, I = −64.2◦, k = 252.9, α95 = 3.2◦, n = 9; Table 2) lies very
close to the present-day dipole and IGRF field directions, in reverse
polarity. However, because all flow mean directions are reverse, and
magnetization is carried by stable SD to nearly SD magnetite, we
assume we have recovered the 62.2 Ma palaeomagnetic field for this
area.
4.3.2 Tulga
In this region, 53 cores were collected from seven sites. Each site
represents one discrete flow. NRM intensities of the basalt samples
also fall into two distinct groups. In the first group (sites 35, 36, and
39–41), NRM ranges from 1.7 to 11.0 A m−1 with a mean value at
4.4 ± 2.1 A m−1 (n = 33). The second group (sites 37 and 38)
exhibits anomalously higher values, ranging from 11 to 64 A m−1,
with a mean value at 29.9 ± 27.5 A m−1 (n = 16). We suspect
lightning to have isothermally magnetized these specimens.
Representative orthogonal vector plots of two specimens shown
in Figs 7(a) and (b) illustrate the general behaviour of most sam-
ples. Principal component analysis allowed separation of a sin-
gle dominant component A in most specimens (sites 35, 38, 40
and 41). Similarly to specimens from Sumber Uul, component
A is generally resolved at 590 ◦C temperature (Fig. 7a) after
removing a B-component of either viscous or weathering ori-
gin unblocking at about 200 ◦C. Such is not the case for all
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Table 2. Site-mean palaeomagnetic direction for component A of effusive rocks from Sumber Uul and Tulga regions.
Id/flow Type n/N Dg (◦) Ig (◦) k α95 (◦)
Sumber Uul (42.6◦N, 104.0◦E) – 62.2 ± 0.9 Ma
131 2 ht + 3 gc 5/6 199.3 −65.5 199.8 6.2
132 1 ht + 4 gc 5/6 176.8 −64.6 143.0 6.7
133 ht 8/8 179.6 −62.5 393.8 2.8
134 ht 5/8 171.6 −65.1 133.5 6.6
135 ht 8/8 185.0 −62.3 110.0 5.3
136 5 ht + 3 gc 8/8 175.0 −65.7 384.5 2.9
137a 6 ht + 2 gc 8/8 302.8 −50.9 49.1 8.0
138 6 ht + 3 gc 9/9 170.7 −58.8 36.3 8.7
139 2 ht + 6 gc 8/9 188.8 −68.0 441.1 2.4
140 ht 9/9 192.6 −62.3 343.1 2.8
Mean Sumber Uul 9/10 181.9 -64.2 252.9 3.2
Tulga (43.2◦N, 104.1◦E) – 62.0±5.0 Ma
35 ht 7/7 148.3 −68.9 994.1 1.9
36 5 ht + 2 gc 6/7 181.0 −63.1 237.3 4.6
37a 4 ht + 3 gc 7/7 88.8 −28.2 350.6 3.6
38a ht 6/6 15.5 −20.8 86.6 7.2
39 3 ht + 5 gc 5/8 161.0 −68.7 372.0 4.3
40 ht 6/6 175.4 −62.1 180.7 5.1
41 ht 6/7 190.4 −67.1 473.0 3.1
Mean Tulga 5/7 172.2 −66.6 126.6 6.8
Mean Sumber Uul-Tulga 14/17 358.7 65.1 175.4 3.0
ht and gc: number of HTC and remagnetization great-circles entering the statistics; n/N : number of samples used in the
statistics/number of demagnetized specimens; Dg/Ig (Ds/Is): declination/inclination in geographic coordinates, in situ (stratigraphic
coordinates, after tilt-correction); k, α95: parameters of Fisher Statistics.
aSites or flows excluded from the final mean calculation.
D=358.7°
I=65.1°
n=14
k=175.4
α95=3.0°
0
90
180
270
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Site 137
Figure 6. Equal-area projection of Sumber Uul (dots) and Tulga (triangles)
site-mean directions of component A in geographic coordinates, with their
α95 circles of confidence; black star with shaded α95 area: overall-mean di-
rection in normal polarity; outlier sites 37, 38 and 137 are excluded from the
final mean direction calculation; solid (open) symbols: positive, downward
(negative, upward) inclinations; grey diamond (star): International Geomag-
netic Reference Field (Dipolar Field) direction.
samples from sites 36, 37 and 39, where magnetization vector
end points align on great-circle trajectories because component
A and B’s unblocking temperature spectra overlap (Fig. 7b). For
this reason, the site-mean directions from these sites have been
computed using the combined average direction of McFadden &
McElhinny (1988).
Site-mean directions of component A from the Tulga locality are
illustrated as triangles in Fig. 6, where they display a single reverse
polarity. Sites 37 and 38 exhibit anomalous directions, which could
be linked to their high NRM intensities. This reinforces the idea
that lightning might have isothermally remagnetized these sites. Al-
though data cluster upon a tilt correction (ks/kg = 140.4/126.6), we
observed in the field that local dips are probably original and, there-
fore, are not linked to tectonics. Moreover, the underlying sediments
that outcrop locally have horizontal bedding surfaces. Therefore, we
assume that no bedding correction is required for this locality and
that directions in geographic coordinates most likely represent the
geomagnetic field direction at the time of flow emplacement during
the chron C27R (Cande & Kent 1995; Gradstein et al. 2004). The
average palaeomagnetic direction of the five basalt flows is D =
172.2◦; I = −66.6◦ (n = 5/7 flows; k = 126.6; α95 = 6.8◦).
4.3.3 Combined Sumber Uul-Tulga mean palaeomagnetic
direction
In order to increase the number of flows of ∼62 Ma age, we pro-
pose to combine directions from the Sumber Uul locality (nine lava
flows) with those from Tulga region (five lava flows), because of (1)
their similar ages (62.1 ± 0.9 versus 62.0 ± 5.0 Ma) and (2) their
geographic proximity, Sumber Uul being at 42.6◦N/104.0◦E and
Tulga at 43.2◦N/104.1◦E, (representing a distance of ∼70 km). Fig.
6 shows site-mean directions from Sumber Uul (dots) and those from
Tulga (triangles). Populations are not statistically different from one
another. Thus, we have recomputed individual in situ flow-mean di-
rections of Tulga at Sumber Uul location (Table 2). As discussed
above, site-mean directions from sites 37 and 38 from Tulga and 137
from Sumber Uul appear as outliers and have been excluded from
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Figure 7. Orthogonal projections of magnetization vector end points during thermal demagnetization experiments for Tulga (62 Ma) specimens; (a) orthogonal
vector plot (Zijderveld 1967) of thermal demagnetization exhibiting a single magnetic component, after removal of a low-temperature component by 200 ◦C
(left-hand side) and magnetization decay curve (right-hand side); temperatures are given in ◦C; (b) orthogonal projection of thermal demagnetization of a
sample showing two partly overlapping components of magnetization (left-hand side) and corresponding evolution along a great-circle (right-hand side). Same
conventions, symbols and indications used as in Fig. 5.
the final mean computation. The combined final average palaeomag-
netic direction for these 14 Early Palaeocene flows from Sumber Uul
and Tulga (in normal polarity, Fig. 6) is: Dm = 358.7◦, I m = 65.1◦
(n = 14/17 flows, k = 175.4, α95 = 3.0◦). Because of assumed
flat-lying flows and the lack of normal polarity results, we have no
stability test to ascertain the primary origin of magnetization, and
the final mean direction in normal polarity is very close to both
Present day dipole and IGRF directions (Fig. 6). However, based on
the rock magnetic analyses, component A is carried by stable SD to
nearly SD magnetite, and all the data are of reverse polarity, exclud-
ing the possibility of a present-day remagnetization. We therefore,
assume that we have recovered the 62.1 ± 5.9 Ma field direction in
this region.
4.3.4 Khuts Uul region
In this locality, 114 samples were subjected to stepwise thermal
demagnetization up to a maximum temperature of 620 ◦C. NRM
intensity averages 6.9 ± 4.3 A m−1 (n = 114). Typical examples of
thermal demagnetization illustrating the general behaviour of sam-
ples are shown in orthogonal vector plots of Figs 8(a) and (b). These
orthogonal diagrams show that the demagnetization path trends lin-
early towards the origin defining a single A-component between 250
and 590–600 ◦C. Component A is resolved after removal of a weak
viscous B-component unblocking by 200–250 ◦C. Component A
site-mean directions are listed in Table 3 and illustrated in equal-
area projections (Fig. 9), before (left-hand side) and after (right-hand
side) tilt-correction. Directions exhibit a single reverse polarity con-
sistent with the reverse magnetic field during chron C25R in the
Early Palaeocene (Thanetian; Cande & Kent 1995; Gradstein et al.
2004), and they cluster upon unfolding. The site-mean direction of
site 49 lies away from the others (∼20◦ from the final average di-
rection) after tilt-correction. This may be due to either erroneous
measurement of the flow attitude in the field or a locally rotated site.
Therefore, this site has been excluded from the final mean direction
computation. Although flow tilts are generally weak, the precision
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Figure 8. Orthogonal projections of magnetization vector end points during thermal demagnetization experiments for Khuts Uul (57.1 Ma) specimens;
orthogonal vector plots (Zijderveld 1967) of representative specimens from (a) southern and (b) northern parts of the canyon at the Khuts Uul locality exhibiting
a single magnetic component. Same conventions, symbols and indications used as in Fig. 5.
Table 3. Site-mean A-component directions of effusive rocks from Khuts Uul region (43.2◦N, 104.6◦E) −57.1 ± 0.8 Ma.
Id/flow Strike/dip (◦) n/N Dg (◦) Ig (◦) Ds (◦) Is (◦) k α95 (◦)
42 335.0/8.0 7/7 187.5 −77.4 208.9 −71.9 347.4 3.2
43 335.0/8.0 5/5 191.8 −62.1 201.9 −56.8 194.4 5.5
44 335.0/8.0 6/6 182.1 −85.0 221.4 −78.8 257.3 4.2
45–47 Flat lying 21/22 180.4 −83.8 180.4 −83.8 598.1 1.3
48 270.0/24.0 7/7 98.9 −83.5 165.1 −64.2 137.1 5.2
49a 254.0/17.0 3/3 190.4 −54.2 183.4 −38.5 776.6 4.4
50–51 Flat lying 13/13 205.0 −73.5 205.0 −73.5 534.2 1.8
52 6/6 201.2 −69.5 201.2 −69.5 218.9 4.5
53 6/6 209.5 −72.1 209.5 −72.1 174.1 5.1
54 5/5 216.4 −71.2 216.4 −71.2 246.1 4.9
55 7/7 199.3 −70.6 199.3 −70.6 311.8 3.4
56 7/7 211.1 −64.1 211.1 −64.1 83.0 6.7
57 7/7 209.7 −69.4 209.7 −69.4 843.8 2.1
58 332.0/15.0 6/6 221.6 −84.6 236.5 −69.8 518.3 2.9
59 332.0/15.0 7/7 206.5 −70.7 206.5 −70.7 104.4 5.9
201.5 −74.9 – – 78.7 4.5
Mean Khuts Uul 14/15
– – 205.2 −71.2 92.0 4.2
Id/flow: site or flow names; strike/dip of flows; n/N : number of samples used in the statistics/number of demagnetized specimens;
Dg/Ig (Ds/Is): declination/inclination in geographic coordinates, in situ (stratigraphic coordinates, after tilt-correction); k, α95:
parameters of Fisher Statistics.
aFlow 49 excluded from the final mean.
parameter k (Fisher 1953) increases from 78.7 to 92.0, leading to
a positive fold test at 95 per cent level of confidence (McFadden
1990). This appears consistent with the north and northeast weak
tilts of the underlying volcanoclastic sediments, as observed in the
field. Therefore, we conclude that component A in tilt-corrected co-
ordinates is likely the primary magnetization for these 14 basaltic
lava flows. The average palaeomagnetic direction for the Khuts Uul
locality is Ds = 205.2◦, I = −71.2◦ (n = 14, k = 92.0, α95 =
4.2◦).
5 D I S C U S S I O N
Thermal and AF demagnetization of specimens from the basalt flows
we sampled in the Sumber Uul, Tulga and Khuts Uul localities re-
vealed a stable magnetization carried by SD to nearly SD magnetite,
which we interpret as the primary magnetization. A secondary CRM
carried by maghemite as a result of low temperature oxidation of
magnetite is defined by an orientation paralleling the primary mag-
netization carried by magnetite due to exchange coupling persisting
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Table 4. Selected Early Palaeocene palaeomagnetic poles from Asia and reference APWP poles for Europe.
Name Age Slat Slon Plat Plon dp/dm or A95 References
Europe APWP 60 81.1 190.5 2.9 Besse & Courtillot (2002)
APWPa 63.5 78.2 161.5 3.6 After Moreau et al. (2007)
APWPa 59.1 74.3 151.5 2.2 After Moreau et al. (2007)
Toru-Aygyr 55 42.6 76.4 75.0 220.9 8.7/13.2 Thomas et al. (1993)
Khuts Uul 57.1±0.8 43.2 104.6 69.6 148.0 6.3/7.3 This study
Tuoyun 59.5±2.6 40.2 75.3 49.0 160.9 7.9 Huang et al. (2005)
Sumber Uul-Tulga 62.1±5.9 42.6 104.0 85.2 92.5 3.9/4.9 This study
Sikhote Alin 66 44.0 135.0 85.8 347.1 12.7/16.8 Otofuji et al. (1995)
Slat, Slon (Plat, Plon): latitude and longitude of sites (palaeopoles); dp/dm: half-angles of ellipse of confidence; A95: radius of 95 per cent
cone of confidence.
aReference poles at 63.5 and 59.1 Ma after the master APWP in Stable Africa coordinates of Moreau et al. (2007), transferred onto Eurasia
using rotation parameters of Besse & Courtillot (2002).
across the maghemite/magnetite phase boundaries. This parallelism
justifies the use of the combined CRM and TRM temperature ranges
in computing the primary magnetization direction. Because of iden-
tical ages and proximity of outcrops, we combined the 14 flow mean
palaeomagnetic directions from Sumber Uul (62.2 ± 0.9 Ma; this
study) and Tulga (62.0 ± 5.0 Ma; Yarmolyuk et al. 1995) localities
to compute a palaeopole which lies at λ = 85.2◦N, φ = 92.5◦E,
dp/dm = 3.9/4.9 (average age: 62.1 ± 5.9 Ma, Table 4, white dia-
mond with light grey dp/dm area of confidence in Fig. 10a). Data
from the Khuts Uul yield a palaeopole of λ = 69.6◦N, φ = 148.0◦E,
dp/dm = 6.3/7.3 (average age: 57.1 ± 0.8 Ma), computed after the
tilt-corrected mean directions obtained on 14 basaltic lava flows
from 18 sites (Table 4, white square with dark grey dp/dm area of
confidence in Fig. 10a). At first sight, these two poles differ from one
another, and also from the 60 Ma pole from the European reference
APWP (Besse & Courtillot 2002).
Albeit very close, the dp/dm ellipse of confidence of Sumber
Uul-Tulga palaeopole (Fig. 10a) does not contain either the present
day north pole, or the 60 Ma pole from the European reference
APWP (Besse & Courtillot 2002). The angular distance between
the latter and our 62 Ma Sumber Uul-Tulga palaeopole amounts to
10.7◦ ± 4.9◦, which may be decomposed into a component of
counter-clockwise local rotation of the locality of Rot = −13.5◦ ±
7.0◦, likely due to post-India/Asia collision tectonics, and a
marginally significant palaeolatitude difference of λ = −4.8◦ ±
3.9◦. As underlined by the differences between small-circles pass-
ing through Sumber Uul-Tulga palaeopole (continuous black line
in Fig. 10a) and the 60 Ma reference pole (black dotted line), our
62 Ma pole displays a slightly near-sided position with respect to
the reference pole and the site location. Accordingly, the palaeo-
magnetic inclinations at sites are steeper than the expected ones by
3.8◦ ± 3.1.
Concerning our 57 Ma Khuts Uul palaeopole, it also occupies
a near-sided position with respect to the European APWP 60 Ma
reference pole (Table 4, Fig. 10a). The angular distance between
them amounts to 15.0◦ ± 6.9◦ which translates into a marginally
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Figure 10. Equal-area projections of the Earth’s northern hemisphere limited to the 20◦N latitude; (a), (b) and (c): white diamond (square) with light grey
dp/dm ellipse of confidence: Sumber Uul-Tulga (Khuts-Uul) palaeopole; stars: sites location; small linked solid dots: reference APWP poles for Europe (Bessa
& Courtillot 2002); white dot with light grey A95 circle of confidence: 60 Ma European APWP reference pole; (a) dotted line: small-circle running through
the 60 Ma reference pole centred on our site locations; solid lines: small-circles passing through Sumber Uul-Tulga and Khuts Uul poles, and centred on the
average site locations; (b) white plus and 4-branches star: 59.1 and 63.5 Ma (median age) poles after Moreau et al. (2007) synthetic APWP poles for 65.5-61.6
Ma (chrons 29-27) and 61.6-56.7 Ma (chrons 26-25) periods, respectively, with their A95 circles of confidence; solid line: small-circle passing through Sumber
Uul-Tulga palaeopole; (c) grey dots: coeval palaeopoles from Sikhote Alin in eastern Russia, Tuoyun in the Tarim basin and Toru Aygyr in the Tien Shan; light
dotted line: small-circle centred on Tuoyun locality and passing through the palaeopole; solid line as in (b); stars: sites location.
significant local clockwise rotation of the Khuts Uul locality around
a vertical axis of Rot = 12.9 ± 11.9◦, but a large and near-sided loca-
tion of the Khuts Uul palaeopole of λ=−12.5 ± 5.5◦, with respect
to the reference pole. The near-sided location of the palaeopole re-
sults from a palaeomagnetic inclination which is 9.2◦ ± 4.1◦ steeper
than expected based on the European APWP 60 Ma reference pole.
Several hypotheses can be advocated to explain these anomalous
positions of Sumber Uul-Tulga and Khuts Uul poles, but none of
them are satisfying. (1) An error in the estimated age of these
basalts; in effect, our Khuts Uul pole is fully consistent with the
160 Ma reference pole of European APWP. However, volcanic ac-
tivity in the region has been dated as ranging from ∼50 to 73 Ma
by Yarmolyuk et al. (1995), and our own K-Ar age determination
using the Cassignol–Gillot technique (Cassignol & Gillot 1982) re-
sults in a well-constrained ages of 57.1 ± 0.8 and 62.1 ± 5.9 Ma
for Khuts Uul and Sumber Uul-Tulga effusive rocks. We therefore,
exclude the hypothesis of a Middle Jurassic age of this formation.
(2) A tectonic hypothesis; this is inconceivable as well, because
Cretaceous palaeopoles from Siberia and Amuria (Pruner 1992;
Cogne´ et al. 2005; Hankard et al. 2007b) are consistent with the 100–
120 Ma part of the European APWP, and the Eocene palaeomag-
netic data from Amuria (Hankard et al. 2007a) reveal that Amuria
(and probably Siberia) were located ∼1500 km more to the south
than expected, because of anomalously shallow inclinations. Inter-
preted as purely due to north–south relative movements between
Siberia and Amuria, our Khuts Uul pole would suggest the unac-
ceptable scenario of a ∼1350 km northward convergence of Amuria
with respect to Siberia between the Cretaceous and the Palaeocene,
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followed by a ∼2850 km of divergence (i.e. extension) between the
Palaeocene and the Eocene, ending up with a ∼1500 km north-
ward convergence between the Eocene and present. Indeed, this
scenario completely contradicts our knowledge of Asian tectonics
in this period. (3) A long-lasting non-dipolar field in the Tertiary;
this hypothesis, which has been advocated to explain anomalous
inclinations in Tertiary formations from Central Asia (e.g. Kent
& Smethurst 1998; Si & Van der Voo 2001; Torsvik et al. 2001),
would imply a shallowing of palaeomagnetic inclinations at mid-
latitudes, whereas the abnormal position of Khuts Uul palaeopole
(and to a lesser extent that of Sumber Uul-Tulga pole) results from
anomalously steep inclinations. We therefore, exclude this third
hypothesis.
There is however a fourth and more convincing scenario. While
our poles do not conform to the European APWP poles, they ap-
pear to be fully consistent with the new high-resolution synthetic
APWP for the 65–42 Ma period established by Moreau et al. (2007)
(Fig. 10b). Their synthetic APWP is calculated by stacking six
magnetostratigraphic sequences, three from sedimentary basins in
Europe (Gubbio in Italy, Aix-en-Provence in France, and Basque
basin in Spain) and three others from ODP legs (leg 74 on the Africa
plate, 121 from Australia and 171B from North America). The au-
thors highlight a loop in the synthetic APWP with, in particular, a
cusp at anomalies 26–25 (61–56 Ma), which differs from the Euro-
pean APWP of Besse & Courtillot (2002). Because of worldwide
similarities between magnetostratigraphies, the authors argue for an
episode of true polar wander (TPW) as the origin of this loop, which
they constrain with climatic data from near-polar regions. We have
transferred this APWP onto Europe, using the global kinematic pa-
rameters of Besse & Courtillot (2002; Fig. 10b). Our 62.2 ± 5.9 Ma
Sumber Uul-Tulga and 57.1 ± 0.8 Ma Khuts Uul poles are coherent
with Moreau et al. (2007) reference poles for 65.5–61.6 Ma (defined
between chrons 29 and 27; median age: 63.5 Ma) and 61.6–56.7 Ma
(defined between chrons 26 and 25; median age: 59.1 Ma) ages,
respectively (Fig. 10b).
The angular distance between Khuts Uul and the 59.1 Ma poles
results in both insignificant relative rotation of 6.2◦ ± 13.5◦, and
relative palaeolatitude displacement of λ = −3.2◦ ± 6.1◦. There-
fore, we propose that the anomalous near-sided position of Khuts
Uul palaeopole results from this newly evidenced TPW episode in
the Palaeocene. Similarly, Sumber Uul-Tulga palaeopole does not
display either any significant palaeolatitude offset (λ = 0.7◦ ±
4.9◦) with respect to the 63.5 Ma APWP pole. However, it ex-
hibits a small but significant counter-clockwise rotation of R =
−16.4◦ ± 9.0◦ of the studied area around a vertical axis, as evi-
denced by the small-circle centred on Sumber Uul locality (black
line in Fig. 10b) passing through the palaeopole and the reference
63.5 Ma pole of Moreau et al. (2007). Although we have no detailed
fault maps, and accounting for Cenozoic tectonic activity within the
Amuria block (e.g. Cunningham 1996, 1997), such small Cenozoic
or more recent local rotations are not uncommon (e.g. see Hankard
et al. 2007a). Overall, taking into account this TPW episode, we
suggest that Palaeocene palaeopoles from Mongolia (and Siberia)
are consistent with European ones. We thus conclude that, for the
Cretaceous (e.g. Hankard et al. 2007b), European APWP (including
this TPW episode) properly describes eastern parts of the continent
until at least the Early Palaeocene.
As a final point, we compare our data to previously published co-
eval poles from Central Asia (grey dots in Fig. 10c). Only three
early Palaeocene palaeopoles can be found in the literature: a
66.0 Ma pole from Sikhote Alin welded tuffs (Otofuji et al. 1995),
a 59.5 Ma pole obtained by Huang et al. (2005) on 14 basaltic lava
flows from Tuoyun locality in Tarim basin, and a 55.0 Ma pole ob-
tained by Thomas et al. (1993) on 4 basaltic flows at Toru Aygyr in
Kazakhstan. The 66.0 Ma Sikhote Alin pole appears to conform to
our 62.1 Ma palaeopole from Sumber Uul-Tulga (Fig. 10c), mainly
due to the large dp/dm ellipse of confidence of the former. In con-
trast, both 55.0 and 59.5 Ma poles (neglecting the large clockwise
rotation of the latter) appear far-sided with respect to our 57.1 Ma
Khuts Uul pole, by 15.8 ± 8.6◦ and 11.5 ± 8.1◦, respectively. Be-
yond the small number of points defining the Toru Aygyr 55.0 Ma
pole, this discrepancy could arise from the superimposition of two
mechanisms or causes. First, the age difference between these poles
(55, 57.1 and 59.5 Ma) is critical during the fast TPW episode pro-
posed by Moreau et al. (2007). In effect, the rapid oscillations of the
Geocentric Axial Dipole (GAD) evidenced by this APWP mainly
result in apparent palaeolatitude variations as viewed from Asia.
A second cause might reside in the fact that both Toru Aygyr and
Tuoyun areas are located just north of the northwestern tip of India
indentor, further west than our Mongolian localities. Therefore, a
part of the far-sided position of these two poles could actually re-
sult from a relative palaeolatitudinal change between western and
eastern zones, with western parts of the system having suffered a
northward movement with respect to both Siberia and Amuria after
the Palaeocene. Unfortunately, the amount of such relative move-
ments is impossible to define more precisely, because of the age
problem just discussed, but we suggest that it could be of the order
of several hundred of kilometres (more than ∼380 km, the lowest
limit of the far-sided position at the 95 per cent confidence level,
as quoted above). This interpretation is in conflict with the inter-
pretation of Huang et al. (2005), but we underline that this most
probably arises from the lack of accuracy of the 50–60 Ma part of
the reference APWP (Besse & Courtillot 2002), as demonstrated by
Moreau et al. (2007).
6 C O N C L U S I O N
We have presented new palaeomagnetic results obtained at three
volcanic localities (Sumber Uul, Tulga and Khuts Uul) of Early
Palaeocene age located in the Gobi Desert of Mongolia. Our own
K-Ar dating of these formations allowed to precise the age of Sumber
Uul (62.2 ± 0.9 Ma) and Khuts Uul (57.1 ± 0.8 Ma) localities.
From Khuts Uul and combined Sumber Uul-Tulga (62.1 ± 5.9 Ma)
palaeomagnetic results, we propose two new palaeomagnetic poles
for the Amuria block of Central Asia.
The interpretation of these poles is not straightforward. The
combined Sumber Uul-Tulga 62.1 Ma pole appears fairly consis-
tent with the 60 Ma reference APWP pole for Europe (Besse &
Courtillot 2002). In contrast, the 57.1 Ma Khuts Uul palaeopole
appears largely near-sided with respect to the 60 Ma reference pole
from the European APWP and site location. However, our poles are
fully consistent with the new high-resolution synthetic APWP for
the 65–42 Ma period of Moreau et al. (2007). This APWP, which is
correlated with climatic data, exhibits a cusp between chrons 26 and
25 (61.6–56.7 Ma) resulting from an episode of TPW which is not
characterized in the European APWP of Besse & Courtillot (2002).
We conclude that our new Palaeocene poles from the Amuria block
(and probably Siberia, because of the lack of north–south relative
movements between the two since the Palaeocene) are not signifi-
cantly different from European palaeopoles, providing this TPW is
taken into account.
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This has two major consequences. (1) Our results are in line with
the admitted conclusions that Amuria block, North China Block
(NCB), South China Block (SCB) and Siberia apparently form a
rigid tectonic unit since the Late Jurassic–Early Cretaceous, and that
this assemblage did not undergo any relative latitudinal motion since
that time (Zhao & Coe 1987; Zhao et al. 1990; Enkin et al. 1992; Ma
et al. 1993a,b; Gilder et al. 1996a; Gilder & Courtillot 1997; Halim
et al. 1998a, b; Yang & Besse 2001; Yang et al. 2001; Kravchinsky
et al. 2002; Cogne´ et al. 2005, Hankard et al. 2007b). (2) The second
conclusion concerns the Tertiary Inclination Shallowing Anomaly
in Central Asia. Our studies, as well as previously published ones, of
Cretaceous effusive formations from Siberia and Amuria (Zhao et al.
1990; Pruner 1992; Cogne´ et al. 2005; Hankard et al. 2007b) indeed
showed a consistency between palaeomagnetic poles from these
regions, and poles from the synthetic APWP for Europe. In contrast,
palaeomagnetic studies of either effusive or sedimentary Eocene
and later formations (Thomas et al. 1993, 1994; Westphal 1993;
Chauvin et al. 1996; Gilder et al. 1996b, 2001, 2003; Cogne´ et al.
1999; Dupont-Nivet et al. 2002; Huang et al. 2004; Yan et al. 2006;
Hankard et al. 2007a) all revealed anomalously shallow inclinations.
We have recently proposed (Hankard et al. 2007a) that this anomaly
amounts to 8.0◦ ± 4.7◦ in effusive rocks from Khaton Sudal in
Mongolia, dated at 39.4 ± 0.6 Ma. From the results of the present
study of Palaeocene palaeopoles we conclude that the anomaly of
Central Asia palaeomagnetic inclinations in effusive rocks begins
after ∼60 Ma and before ∼40 Ma. Only further palaeomagnetic
studies of Early Eocene effusive formations from Central Asia could
help define better time constraints on the onset of the shallowing
inclination anomaly.
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